The CRISPR-Cas9 system is a revolutionary technology for gene targeting in cells (1) (2) (3) . It consists of two components: a guide RNA and the Cas9 endonuclease that respectively pairs with the target sequence and then cleaves it (4) (5) (6) . The guide RNA contains 19 nt that in theory can be custom designed to target almost any sequence in a genome (5) (6) (7) (8) . In practice, the effectiveness of the predicted guide RNAs varies dramatically (8) . This problem, when compounded by other commonly encountered problems such as poor efficiency of DNA transfection or low titer of viruses, can make the isolation of successfully targeted cells a really laborious task (9) . Low transfection efficiency can be improved by special techniques like nucleofection (6) , but they are expensive and not readily available to all labs. A common method to enrich successfully targeted cells is to use drug resistance or green fluorescent protein (GFP) markers to select for cells that have integrated the guide RNAexpressing DNA into chromosomes (7, 10) . Fluorescenceactivated cell sorting (FACS) sorting only enriches cells expressing high levels of GFP but not necessarily Cas9, while integration of foreign DNA, especially viral DNA, into the chromosome is itself an alteration to the genome and might cause oncogenic transformation. In some cases, Cas9 is also integrated into the genome and constitutively expressed (7) . Persistent expression of the guide RNA in combination with Cas9 might lead to increasing probabilities of off-target cleavages over long-term culturing (11) . In addition, if no targeted cells are obtained, it is difficult to track down the cause of failure. The guide RNA might be ineffective or the correctly targeted cells might have died off and only cells not expressing the guide RNA might have survived.
To overcome these shortcomings, we have developed a transient plasmid DNA transfection-based method to enrich successfully targeted cells without the need for DNA integration into chromosomes by co-targeting the cellular hypoxanthine phosphoribosyltransferase (HPRT) gene. This gene encodes a protein that catalyzes the conversion of hypoxanthine to inosinemonophosphate and guanine to guanosine monophosphate in the non-essential purine salvage pathway (12) . HPRT + cells are sensitive to 6-thioguanine (6-TG), which can be converted to the nucleotide form by HPRT and incorporated into DNA by DNA polymerase, killing cells by a process involving postreplicative mismatch repair (13) (14) (15) . The strategy is to transfect cells with two plasmids that express respectively a HPRT guide RNA and a guide RNA for the gene of interest. Cas9 can be expressed from the gene on a separate plasmid, a plasmid carrying the HPRT gRNA or integrated into the chromosome (if such a cell line is already available). If a cell becomes resistant to 6-TG, it would suggest that this cell should also be competent to target the gene of interest as long as the gRNA is effective. Thus if the targeted gene is not altered in the resulting 6-TG resistant cells, it would suggest that the guide RNA is ineffective. On the other hand, if no 6-TG resistant cells can be obtained by co-targeting, it would suggest that the gene of interest might be essential.
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We have tested this method with guide RNAs for HPRT and the non-essential AAVS1 locus in HCT116 cells, a colorectal cancer cell line with a near diploidic karyotype (16) . The results showed a dramatic enrichment of AAVS1 targeting events from below detection without co-targeting to over 80% with co-targeting. Other non-essential genes such as Trex1 and Exo1 were also successfully enriched by HPRT co-targeting. The method also worked in U2OS cells, an osteosarcoma cell line with a complicated karyotype (17) . Co-targeting with guide RNAs for DNA topoisomerase 2␣ (Top2␣) gave rise to no 6-TG resistant cells, which is consistent with Top2␣ being essential for cell proliferation (18) . On the other hand, co-targeting with some other guide RNAs gave rise to plenty of 6-TG resistant cells but no alteration to the intended sequences, suggesting that the guide RNAs were ineffective. Together, these results demonstrate that co-targeting the HPRT gene provides a simple and efficient method to enrich successfully targeted cells. It can also be easily used to evaluate the effectiveness of guide RNAs and the essentialness of target genes.
MATERIALS AND METHODS

Cell culture and reagents
The human HCT116 and U2OS cells, Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum, penicillin/streptomycin (P/S), L-glutamine, non-essential amino acids (NEAA) and G418 were obtained from the Tissue Culture Facility at the Fox Chase Cancer Center. Cas9-expressing HCT116 cells were constructed by infecting HCT116 cells with a lentivirus containing Cas9 under the control of a doxycycline-inducible promoter (Addgene, MA, USA) (8) . A cell clone with high and stringently-controlled expression of Cas9 was selected for this study. Cells were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, NEAA and P/S at 37
• C under a 5% CO 2 humidified atmosphere. 6-TG and Crystal violet were purchased from Sigma-Aldrich (MO, USA).
Guide RNA construction
Plasmids expressing Cas9 (hCas9-pcDNA3.3-TOPO) and AAVS1 guide RNA T2 were obtained from Addgene (MA, USA) (6). The 400 bp backbone for guide RNA expression was modified to add two Sap sites to allow the insertion of 19 nt custom designed targeting sequences. The 19 nt guide RNA sequences used in this study are ((N) 19 NGG strand; 5 ->3 ): AAGTAATTCACTTACAGTC (HPRT gRNA), TCCCCTCCAGACTCGCACA (Trex1 gRNA), GCCATAATTACAGAGGACT (Exo1 gRNA), ATCTT-TACAATGCTCAGGT (Top2␣ gRNA) and GTTTTATC-CTGATGCCGAC (BLM gRNA4).
Guide RNA targeting in cells
Plasmids expressing guide RNAs and Cas9 were introduced into cells with Lipofectamine 2000 (Invitrogen, CA, USA) following the manufacturer's protocol. Cells were seeded in 24-well plates and grown to a confluency of 90-99%. A typical transfection reaction contains: 0.1 g plasmid of the HPRT gRNA, 0.3 g plasmid of the guide RNA for the gene of interest and 0.4 g of Cas9 plasmid. In the case of Cas9-expressing cells, the Cas9 plasmid was replaced with more of the plasmid of guide RNA for the gene of interest. Cells were re-seeded 16-18 h post-transfection at different densities and in two sets of plates. For selection of HPRT − cells, 6-TG was added to the media (10 g/ml final concentration) 3 days later and cells were grown for 10 days with two changes of 6-TG containing media. One set of plates were stained with Crystal Violet to visualize colonies. 6-TG resistant cells from the other set of plates were pooled and grown up for genomic DNA preparation.
Amplification of the targeted regions
Genomic DNA was extracted from cells using the following protocol. Confluent cells grown in 24-well plates were first extracted with 1 ml of 100 mM PIPES (pH6.9), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.25% Triton X-100, 4M glycerol at room temperature for 1 min. The remaining nuclei were incubated with 10 mM Tris (pH7.5), 1 mM EDTA, 500 mM NaCl, 0.5% Triton X-100 and 100 g/ml proteinase K at 37
• C for 2-4 h. The genomic DNA was transferred to eppendorf tubes and heated at 90
• C for 30 min. The targeted regions were amplified from genomic DNA with Hot Start Taq DNA polymerase (NEB, MA, USA). The following primers were used (all in 5 ->3 ): GATGCT-CACCTCTCCCACAC and ACATCCATGGGACTTCT-GCC (for HPRT); ACAGGAGGTGGGGGTTAGAC and TATATTCCCAGGGCCGGTTA (for AAVS1); GCAGACCCTCATCTTTTTCG and TACTGGGCTCA-GATAGTTGAC (for Trex1); TCCAGTTCCAGCTGCC-TAGA and GTCTGCACATTCCTAGCCGA (for Exo1); GAGGTGTAGGCATTTGCTGC and GCCACTCTGT-GAACCAGGTA (for BLM). All oligonucleotides were synthesized by Integrated DNA technologies (IA, USA).
RESULTS
Exon8 of the HPRT gene can be efficiently targeted by the CRISPR-Cas9 system in HCT116 cells
To test HPRT co-targeting, we first attempted to identify a guide RNA that could efficiently disrupt the HPRT gene. One guide RNA was found to be highly effective at targeting exon8, which encodes an active site for the HPRT protein and is frequently mutated in 6-TG resistant cells (19, 20) . The plasmid expressing the HPRT guide RNA was cotransfected with the Cas9-expressing plasmid into HCT116 cells. The transfected cells were reseeded in 6-well plates and selected with 6-TG. The resulting 6-TG resistant colonies were stained with crystal violet. As shown in Figure 1A , compared to the seeding control (with no 6-TG selection), ca. 1% of the cells transfected with the two plasmids became resistant to 6-TG. To ascertain that 6-TG resistance was the result of targeted disruption of the HPRT gene, we amplified the fragment spanning the guide RNA sequence from the genomic DNA of the pooled 6-TG resistant cells. Sequence analysis indeed showed expected alterations to the sequence adjacent to the PAM motif (CCA) ( Figure 1B ). The major alteration was an extra 'T' peak after the third nucleotide from PAM and the peaks afterward became mixtures of nucleotides. To rule out the possibility of bad sequencing reactions, the pooled polymerase chain reaction (PCR) products were subcloned into the pGEM-T vector and sequenced individually. Out of 15 HPRT products, 8 carried a 'T' insertion, 2 carried a 'TG' insertion and the remaining 5 carried deletions of 2-15 nt (Figure 1C and D) . Overall, the data were consistent with an initial cleavage between the third and fourth nucleotide away from PAM followed by further deletions/insertions before religation (4).
Targeting of the AAVS1 locus is dramatically enriched in HPRT co-targeted cells
To test the co-targeting strategy, we first chose the AAVS1 locus, which can be efficiently disrupted by the T2 guide RNA (6) . HCT116 cells were transfected with the Cas9 plasmid and the AAVS1 plasmid or with these two and the HPRT plasmid. The trasnfected cells were reseeded and selected for 6-TG resistance. As shown in Figure 2A , cotransfection with Cas9, AAVS1 and HPRT resulted in many 6-TG resistant colonies, but that with Cas9 and AAVS1 produced only background level of colonies. The AAVS1 fragment was then amplified from the genomic DNA isolated from either the 6-TG resistant co-targeted cells or the unselected AAVS1 singly targeted cells. Sequence analysis showed that the AAVS1 locus was very different in the two populations of cells. While the AAVS1 singly targeted cells showed only wild-type sequence, the AAVS1 and HPRT co-targeted cells showed dramatic alterations. The major change was consistent with a 'G' deletion after the third nucleotide away from PAM (TGG) ( Figure 2B ). This was confirmed by the sequencing of individual fragments after the pooled PCR products were subcloned into the pGEM-T vector. Eleven out of thirteen AAVS1 products were mutants: 6 carrying a 'G' insertion and 5 carrying deletions of 2-12 nt (Figure 2C and D) . The data were again consistent with an initial cleavage between the third and fourth nucleotides from PAM followed by small deletions/insertions before religation.
HPRT co-targeting works for other genes
We then used the co-targeting method to target other genes and found it to work as efficiently as for the AAVS1 locus. One of the genes that was efficiently co-targeted was Trex1 (21) . The genomic DNA showed clear alterations to the region targeted by the Trex1 guide RNA in the 6-TG resistant co-targeted cells but not in the unselected cells ( Figure 3A) . The major change was consistent with an insertion of 'G' between the third and fourth nucleotide from PAM (CCG). This was confirmed by the sequencing of the cloned individual PCR fragments, with 7 out of 14 containing an extra 'G'. Another gene that was efficiently co-targeted was Exo1 (22, 23) . As shown in Figure 3B , the Exo1 gene was extensively altered in the region targeted by the Exo1 guide RNA in the 6-TG resistant cells but not in the unselected cells. Sequencing of the cloned individual PCR fragments showed that 20 out of 25 contained deletions and the other 5 contained insertions. Consistent with the more complicated chromatogram of the pooled PCR, 9 of the deletions were long, ranging from 286 to 604 nt in length, suggesting that the repair of this DNA double-strand break (DSB) is prone to resection in HCT116 cells.
Co-targeting is also effective in U2OS cells
We also tested if co-targeting works in other types of cells. U2OS is a commonly used cell line for cell biology experiments owing to its large and flat nucleus. It has a complicated karyotype with many genes present in multiple copies. U2OS cells were first transfected with plasmids expressing Cas9 and HPRT guide RNA and then selected for 6-TG resistance. As shown in Figure 4A , 6-TG resistant cells were readily obtained, demonstrating that the HPRT gene could be targeted in this cell line. We then repeated the experiment with Cas9 and two guide RNAs, one for HPRT and one for AAVS1. 6-TG resistant cells were selected, genomic DNA isolated and the AAVS1 locus amplified. Sequence analysis showed clearly that the AAVS1 locus in the co-targeted cells was altered ( Figure 4B ). In contrast, cells transfected but not selected by 6-TG showed a sequence chromatogram indistinguishable from that of the wild-type. Notably, the sequence change in the co-targeted U2OS cells was more extensive than in the similarly co-targeted HCT116 cells. Only half of the guide RNA sequence was still retained, presumably due to different DSB repair activities in the two cell lines. This was confirmed by the sequencing of individual AAVS1 PCR products after they were subcloned into the pGEM-T vector. Sixteen out of seventeen products carried small deletions or insertions that were consistent with an initial cleavage between the third and fourth nucleotide from PAM followed by end polishing before religation (Figure 4C and D) . 
Co-targeting can easily evaluate the effectiveness of guide RNAs and the essentialness of target genes
Of the many guide RNAs we tested for co-targeting, three types of results were obtained. The first type is demonstrated by AAVS1, Trex1 and Exo1, showing efficient targeting. The second type is that only background level 6-TG colonies survived selection. Figure 5A shows the result of HPRT co-targeting with the Top2␣ guide RNA. Only a few colonies emerged after the first round of 6-TG selection and they all died off upon passaging. This is consistent with Top2␣ being an essential gene for DNA replication, transcription, chromosome condensation and segregation (18) . Thus the failure to obtain HPRT co-targeted cells is a strong indication that the guide RNA is effective but the target gene might be essential. The third type of result is illustrated by co-targeting with a guide RNA for the Bloom syndrome gene (BLM). Many 6-TG resistant colonies were obtained ( Figure 5A ), but sequence analysis showed no alteration to the targeted region ( Figure 5B ). Because these cells were clearly competent for targeting the HPRT gene, the conclusion has to be that this particular guide RNA for BLM is ineffective in HCT116 cells.
DISCUSSION
We have developed a simple co-targeting method for enriching CRISPR-Cas9 mediated gene targeting in cultured e134 Nucleic Acids Research, 2015, Vol. 43, No. 20 PAGE 6 OF 8 − cells are selected by the nucleotide analogue 6-TG. For many guide RNAs tested, the target genes are efficiently disrupted in 6-TG resistant cells. One can then proceed to easily isolate individual cell clones from the greatly enriched mutant populations for phenotypic characterizations. If the target gene is not altered in 6-TG resistant cells, one can confidently conclude that the guide RNA is ineffective. On the other hand, if no 6-TG resistant cells survive, it would strongly suggest that the target gene might be essential. This method can thus be adapted to confirm the leads from whole genome screens of essential genes (7, 8) . However, to definitively rule out any potential off-target effects, one has to show that the phenotype can be complemented by re-expressing a gRNAresistant copy of the target gene. In a single round of experiments, one can either obtain cells with the target gene disrupted, conclude that the target gene might be essential or that the guide RNA is ineffective.
This method is extremely easy and safe to perform. It only uses basic tissue culture setup and standard transfection reagents. No sophisticated equipment, expensive reagents or complicated protocols are required. It is thus very easy to scale up simply by increasing the number of transfections. We routinely do 12 transfections at a time. It does not involve viruses, the most commonly used way to deliver guide RNA-expressing DNA into cells. Viruses can be difficult to prepare with consistent quality and take extra time to characterize. They also raise concerns about laboratory safety and secondary effects of viral DNA integration into chromosomes. In particular, many guide RNAs can cause various degrees of off-target cleavages (11) . As such, if cells also have an unregulated Cas9 gene integrated into chromosomes, constitutive expressions of the guide RNA and Cas9 over long-term poses a risk to the integrity of the genome. The HPRT co-targeting method involves only transient transfections with normal plasmid DNA. The frequency of plasmid DNA integration into chromosomes is extremely low. Genomic loci cleaved by Cas9 appear to be quickly repaired by NHEJ rather than become hot spots of plasmid DNA integration (Yan, H.; unpublished data). If plasmids also carry a gene conferring resistance to a drug such as G418, the risk of their integration into chromosomes can be further eliminated by checking the HPRT − cell clones for G418 sensitivity.
Co-targeting works in both HCT116 and U2OS cells, two cell lines with drastically different karyotypes. In prin- ciple, it should also work in any in vitro cultured cell line that can be transfected and is sensitive to 6-TG. The concentration of 6-TG for selection might need to be determined experimentally for each cell line. For cell lines that have high efficiency of transfection, such as 293 cells, cotargeting is not necessary but might still help (5, 6) . One potential problem of the co-targeting method is the induction of chromosomal translocations, which can occur at a low frequency when two DSBs are simultaneously present in close spatial proximity (24, 25) . The individual cell clones with the disrupted targeted gene should thus be checked for potential translocations between the HPRT gene and the target gene. Another potential downside of the co-targeting method is the disruption of the HPRT gene, which is involved in the salvage of purines from degraded DNA. Under normal growth conditions purine salvage is unimportant and HPRT is completely dispensable for cell growth and proliferation. However, it does affect neurodevelopment in mice and causes Lesch-Nyhan Disease disease in humans carrying the mutations (26) . Should it be a concern, the HPRT gene can easily be put back into cells by standard transfection or corrected by CRISPR-Cas9 mediated homologous recombinational repair. Finally, the very use of 6-TG to kill non-targeted cells also excludes its application to gene targeting in whole organisms. For this purpose one might have to use genetic methods instead of drug selection, such as those developed in C. elegans (27) (28) (29) . Overall, HPRT co-targeting provides an easy, safe, scalable and efficient non-viral method to enrich the successfully targeted cells, determine if a gene might be essential and evaluate if a guide RNA is effective.
